The age structures of stands of the herbaceous perennial forbs Bunias orientalis and Rumex crispus were determined in different habitats in the vicinity of Wu$ rzburg (Unterfranken, Germany). Plant age was determined by counting annual rings in the secondary root xylem (herbchronology). In rarely-disturbed (unmown, not disrupted) habitats, stands of B. orientalis showed a high proportion of older ( 4-year old) individuals, whereas comparable stands at frequently-disturbed habitats were dominated by 1-or 2-year old plants. Plant size was positively and linearly related to plant age at frequently-disturbed sites and plants in the reproductive stage were younger than at the rarelydisturbed sites. Thus, the age structure data indicate favourable effects of anthropogenic disturbance on stand development of B. orientalis. At recently-disturbed, productive sites, B. orientalis showed narrow age distributions for a few years after the disturbance event, apparently resulting from a strong decline in seedling establishment after canopy closure. Stand development of the co-occurring species R. crispus was less affected by vegetation density at such productive sites, but seemed to suffer more from relatively dry soil conditions. Besides being markers of plant age, annual rings may be sensitive records of past growing conditions, as suggested for B. orientalis by the relationship between annual ring width and position in a gradient of light supply. These results suggest that age structure data obtained by ' herbchronology ' can provide valuable supplementary information for studies on the population ecology of perennial dicotyledonous herbs with clearly-demarcated annual rings.
INTRODUCTION
Description and analysis of the structure and dynamics of plant populations requires classification of individuals, especially if the species are long-lived and show overlapping generations. Plants can be categorized by age, developmental stage or size, either used separately or in combination (Law, 1983 ; Silvertown and Lovett Doust, 1993 ; Begon, Mortimer and Thompson, 1996) . Classifications based on stage or size are often used because reproduction and survival of many plant species are generally more closely related to developmental stage or plant size than to plant age (e.g. Gross, 1981 ; Kachi and Hirose, 1985 ; Fowler, 1986) . However, age-dependence of demographic fate may vary considerably (Gross, 1981) , for example, between different states of life (van Groenendael, 1986) or interrelated with size (Weiner, 1988) . Although inferences about population dynamics from age-structure analyses are limited (Harper, 1977 ; Johnson, Miyanishi and Kleb, 1994) , several studies have demonstrated the usefulness of age-structure investigations in gaining insights into the processes determining population structure (e.g. van Andel, 1975 ; Crisp and Lange, 1976 ; Hett and Loucks, 1976 ; Humulum, 1981) . Therefore, as both stage\size and age analysis are important for a complete description of a population, Gatsuk et al. (1980) and Watkinson (1997) have suggested that determination of calendar age should be included whenever possible.
Age-determination of perennial plants may be based on anatomical markers (annual rings), morphological markers (e.g. leaf or shoot scars) or may require the very timeconsuming method of tagging newly-recruited individuals and following their survival through time. Particularly for herbaceous perennials, difficulties in determining calendar age may have contributed substantially to the small number of studies that have included age classifications for the description and analysis of plant population structures. However, the results of a recent study suggest that the phenomenon of annual rings in the secondary root xylem of dicotyledonous herbaceous perennials is far more widespread than previously accepted (e.g. Harper, 1977) . Herbchronology (age determination by means of annual rings) may therefore facilitate age structure analysis in this group of plants. The aim of this paper is to demonstrate the usefulness of applied herbchronology in the context of investigations on population ecology, as exemplified by age structure analyses of stands of the perennial, herbaceous, alien colonizer species Bunias orientalis L. (Brassicaceae). This species was chosen for three reasons. First, as in other perennial herbs of the Brassicaceae, B. orientalis shows clearly-demarcated and reliable annual rings in the secondary root xylem . Second, the species is abundant and expanding its range in many lowland limestone regions in Central Europe. Thus, the necessity to sacrifice parts of populations for herbchronology poses no problems. Third, data from recent research on the population ecology of this 0305-7364\98\100471j10 $30.00\0
# 1998 Annals of Botany Company species (Dietz, 1996 ; Steinlein, Dietz and Ullmann, 1996) provide a framework against which the age structure data can be evaluated. In particular, (1) the relation between habitat and the respective age distributions, (2) changes in age distributions between consecutive years, (3) correlations between age and performance parameters and (4) relationships between annual ring width and a spatio-temporal gradient, were examined. Additionally, for two disturbed sites the age distributions of B. orientalis were compared with those of the co-occurring ruderal herb, Rumex crispus L. (Polygonaceae), which also shows annual rings .
MATERIALS AND METHODS

Species in estigated
Bunias orientalis is a semi-rosette, non-clonal, perennial hemicryptophyte. The species is polycarpic, and flowers in the second year or later. B. orientalis produces a persistent soil seed bank by local fruit dispersal. It develops a permanent main root which varies greatly in diameter (up to 5 cm in diameter at 10 cm depth), depending on developmental state and habitat conditions. Rumex crispus shows relatively similar life history traits but may flower in its first year, and seems to have comparatively low recruitment rates. In Central Europe both species are largely confined to fertile and disturbed habitats such as occasionally-mown grassland, abandoned fields, waysides, wasteland, spoil habitats (R. crispus) and roadsides (B. orientalis) (cf. Grime, Hodgson and Hunt, 1988 ; Steinlein et al., 1996) .
Study sites and sampling procedure
Plants were sampled at eight different locations in the vicinity of Wu$ rzburg (Unterfranken, Germany, 49m 47h N, 9m 56h E). All sites were characterized by loamy to loamysandy soil and herbaceous vegetation. Selection criteria for the set of sites (Table 1) productivity of the vegetation and in management history. The old fallow (OF) was characterized by shallow soil and low disturbance frequency. Correspondingly, at this site the vegetation was comparatively short (30-40 cm tall) but uniformly dense (90 % cover). The south-exposed, relatively dry soil spoil (DSS) had been infrequently disturbed by mowing or deposition of soil and marc (the refuse of pressed grapes) from nearby vineyards and showed a high frequency of gaps in the vegetation (70 % cover). The fertile slope (FS) and the moist soil spoil (MSS) were the most productive sites, with dense vegetation of up to 100 cm in height (in June). Whereas FS was only locally disturbed by deposition of garden litter, vegetation at MSS had redeveloped after recent extensive deposition of sandy soil and marc. The vegetation at the roadside wasteland (RW) had developed after road construction ended in 1990. By 1995, vegetation structure at this site was very heterogenous, with cover values ranging from 40 to 90 %, and canopy closure was still in progress. The vegetation of the roadside verge (RV) and the grassland vegetation (GV) varied in height and gap frequency due to mowing. RV was mown irregularly, once or twice a year in late spring and\or autumn. In several years there was no mowing at all. In contrast, GV was regularly mown once a year in September or October. The blackthorn hedgerow site (BH) was characterized by herbaceous wayside vegetation and transition to a parallel blackthorn scrub which was situated at the bottom of a slope ( Fig. 1) . At this site, B. orientalis plants were found from the edge of the field path to just beyond the blackthorn shrub, such that sampling along a gradient of light supply was possible.
Samples were collected once or twice (Table 1 ). In the latter case, the time interval between the two sampling dates was 1 or 2 years. Generally, several sample plots of 0n5 m# or 1 m# size were randomly-placed in sectors of B. orientalis stands showing average population density. In these plots, all individuals of the species were collected. Due to low population density, single large areas were used for collection of R. crispus and, in one case, for collection of B. orientalis individuals (DSS 1996) . At BH, 35 established B. orientalis individuals were harvested at intervals along a gradient of light supply ; at each harvest distance, individuals were selected randomly in the direction perpendicular to the gradient. If a stand was repeatedly sampled, care was taken to place the new sampling areas adjacent to those of the preceding year(s). Further details on sampling at the chosen sites are given in Table 1 . Seedlings, i.e. plants in their first year, were excluded from the analysis.
Age-and size-determination
The main roots of the harvested plants were cut about 10 cm from the soil surface and cross sections were stained with Phloroglucinol\HCl. As a result of this treatment, vessels and lignified parenchyma cells of the secondary xylem were clearly discernible by their reddish colouring. For both species, age-determination was possible by counting the annual growth increments in the secondary xylem, which were demarcated by concentric rings of wider vessels, lignified parenchyma and\or branching points of xylem vessel rays . The growth increment of the current year was not included. Thus, to be regarded as a 1-year old individual, the plant had to be in its second growth period. A few individuals showing central root decay were excluded from the analysis. As central root decay affected younger and older individuals alike, age structure analysis was not likely to be biased by this procedure. Accurate counting of annual rings was hampered, for a significant fraction of stunted individuals of Bunias orientalis, by tightly-packed outer growth rings. In these cases, only a range of possible ages could be determined, and the respective means of minimum and maximum age were used for the age distribution. However, there was only one site (OF, see below), where stunted individuals were abundant. At all other sites, nearly all of the individuals were more or less well-developed. To investigate site-specific relationships between individual age and size for B. orientalis, main root diameter at 10 cm depth and the number of developed shoots per plant were determined as size parameters.
RESULTS
Comparati e age structure analysis
In 1995, the age distributions of the older B. orientalis stands showed pronounced differences, although the range of ages at each site was about the same, with the oldest individuals being 7-to 9-years old in 1995 (Fig. 2) . At OF, older individuals predominated significantly if the age distribution based on the upper limit for age determination is used (P l 0n049, Pearsons χ# test of unequal frequencies between the number of individuals in the upper half of the age classes s. those of the lower half). If the lower limit for age determination is used then the distribution shows the same trend (P l 0n192). All of the relatively few generative plants were at least 4-years old. Individuals younger than 4 years were invariably very small. The age distribution at FS was more uniform (P l 0n862). There, almost all of the oldest (5-to 7-year old) and some of the 3-or 4-year old plants were in the reproductive state. In contrast to these two rather undisturbed stands, the two mown stands showed a pronounced right-skewed age distribution, i.e. a disproportionately higher share of young individuals (P 0n001, Fig. 2 RV, GV) . Most of the plants were reproductive, including 1-or 2-year old individuals. No vegetative plants were older than 2 years. Thus, viewed collectively, dominance of young plants in the stand and the proportion of flowering young plants were positively related to frequency and intensity of disturbance.
Two years later, in 1997, the divergence in age distribution between the two stands at the opposite ends of the disturbance gradient was even more pronounced (Fig. 2 , right column). Individuals younger than 4 or 5 years were completely missing from OF, except for extremely small 1- year old individuals. These were the survivors of an unusually high recruitment peak in spring 1996, caused by a sudden warm period after a cold winter. The mode of the age distribution shifted from 5-to 7-year old plants in 1995 to 7-to 9-year old individuals in 1997. In GV the high recruitment peak in spring 1996 led to an extremely high proportion (approx. 80 %) of 1-year old individuals. In contrast to OF, many of these individuals had attained sufficient size for establishment. Whereas population density in OF was about the same in 1995 and 1997, it increased almost ten-fold in GV over the same period (Table 1) . Thus, the negligible proportion of older individuals in 1997 reflects an extreme increase in young plants rather than mortality among plants which were previously established in 1995.
In the younger stands, mortality was very low, and there were relatively distinct age distribution patterns, with the peaks shifting with time (Fig. 3) . At the two productive sites, RW and MSS, B. orientalis showed narrow age distributions, i.e. almost all plants belonged to two or three cohorts which had recruited in consecutive years following disturbance events. Further cohort establishment was apparently reduced by the tall standing crop of the matrix vegetation. However, the spring recruitment of 1996 again resulted in a high number of 1-year old individuals at these sites and at DSS (Fig. 3) ; most were stunted, except those at DSS, and, therefore, had low probability of becoming established. The age distribution patterns of co-occurring R. crispus and B. orientalis at DSS were similar in 1996, with a predominance of 3-and 4-year old individuals (Fig. 3) . The 1997 age distributions of the two species at this site were rather distinct owing to reduced rejuvenation of R. crispus as compared with B. orientalis. However, as spring deposition of marc at DSS prevented sampling of B. orientalis in the area adjacent to that of the year before (sampling was restricted to the edge of the stand), comparability between the age structures of 1996 and 1997 is limited. At RW, regeneration of the B. orientalis stand dropped markedly in 1995 and, without the climatic trigger, certainly would have been low also in 1996. Conversely, R. crispus showed a broader, right-skewed, age distribution at RW, indicating relatively high stand rejuvenation.
Relationships between age and size
Although variability in size was high among plants from the same stand and of the same age, root diameter was linearly and positively related to plant age for B. orientalis at each of three contrasting sites (P 0n001, Fig. 4 A, C and E). Shoot number, in contrast, was more loosely related to plant age, and the variances explained by regression, where appropriate, were therefore comparatively low (Fig. 4 B and  F) . Whereas shoot number increased linearly with plant age at GV (Fig. 4 F) , three age groups could be distinguished at FS with 1-or 2-year old plants possessing only one shoot, 3-to 6-year old individuals having intermediate shoot numbers and the oldest (7-year old) individuals on average showing the highest shoot numbers. At OF only plants older than 4 years, i.e. plants which were not severely reduced in size, showed a trend towards an increase in shoot number with age (Fig. 4 B) . Mean shoot number of the oldest individuals, however, was reduced because of degeneration. The coefficient of regression of root diameter against plant age increased with frequency of disturbance (Fig. 4 A, C and E) . Similarly, a considerable steady increase in shoot number with plant age could be observed only at GV, the most intensively disturbed site. Thus, differences in plant size between older and younger plants were much more pronounced at the regularly-mown GV than at FS. At OF, which was rarely disturbed, size variation with age was particularly weak.
Relationship between annual ring width and site conditions
Within the B. orientalis stand situated in a gradient of light supply from full daylight (in wayside herbaceous vegetation) to shade (underneath a blackthorn scrub) ( 1), almost all individuals were 3, 4 or 5 years old. Yearspecific widths of the annual growth increments in the secondary root xylem of plants of each of these three cohorts varied with position in the gradient of light supply (Fig. 5) . Total widths of the annual growth increments were reduced for the individuals growing underneath the scrub. Furthermore, there were year-specific differences, i.e. widths of recently-developed annual rings generally differed more among the plants than those that were formed earlier.
Hence, the year-specific coefficients of regression of annual ring width against distance to the field path decreased significantly with time (Fig. 6 ). This corresponds with the increasing steepness of the gradient of light supply due to the growth of the young blackthorn scrub. Since the main stems of the scrub were about 6-years old, and canopy closure had occurred only during the last two growth periods, i.e. in 1995 and 1996, it is not surprising that the 1996 annual growth increment was more affected by position in the gradient than those of the previous years (Figs 5 and 6). As shown in Fig. 5 , the same pattern occurred for all three cohorts. Therefore, the greater width of the secondary xylem increments in later years did not, as might have been expected, appear to interfere with this pattern.
DISCUSSION
The results obtained in this study suggest that the application of herbchronology, where possible, may be a valuable supplementary method for various ecological investigations on plant populations. Firstly, the age structures obtained may be used to verify assumptions drawn from other data on population dynamics. The high proportion of old B. orientalis plants at OF, for example, agrees well with the transition probabilities obtained from following marked individuals between 1994 and 1995. In this period, almost 17 % of the established plants died, vegetative plants did not pass over to the generative state and all of the seedlings recruited in 1994 were dead by September 1995 (Dietz, 1996) . The missing rejuvenation of the B. orientalis stand at OF is, therefore, reflected in both the age distribution and the transition data on individual fate. Conversely, at GV only 8 % of marked established B. orientalis plants died between 1994 and 1995, most of the vegetative plants passed over to the generative state, and about 50 % of the 1994 cohort of seedlings developed into established plants by 1995 (Dietz, 1996) . This pattern is in close agreement with the strongly right-skewed age-distribution at this site, with its predominance of young individuals.
The age distribution patterns, although determined at a single time, may prove useful in explaining previous population development and in the prediction of further population growth. In a strict sense, construction of life tables based on data derived from age distributions is valid only if constant rates of birth and death can be assumed (e.g. Begon et al., 1996) . As these assumptions are rarely met, detailed interpretations of age structures are very difficult to achieve. However, if one is more concerned with general trends, and if background knowledge of site history and of the autecology of the species is available, such interpretations may be worthwhile (e.g. Daubenmire, 1968 ; Crisp and Lange, 1976) . This is also demonstrated by the present results. It was relatively straightforward to predict the 1997 age structure pattern of the B. orientalis stand of OF from the 1995 census, where all the young B. orientalis plants in the stand were stunted and therefore ran a high risk of dying, whereas the older ones were big enough to have low mortality. The only unforeseen event was the prominent peak of 1-year old individuals in 1997, which certainly was transient and would not reappear in the class of 2-year old individuals in the 1998 age distribution. Similarly, the 1997 population age structure at GV could have been anticipated from the 1995 data, which clearly showed exponential population growth, based on relatively high seedling survival and early establishment of the plants.
If factors with a pronounced impact on population development, such as anthropogenic disturbance or herbivory, are known for the species under study, then important insights into the way they interfere with population growth may be obtained by comparing age structures of populations exposed to different levels of the factor (cf. Crisp and Lange, 1976 ; Schaal, 1978) . In the case of B. orientalis, the strong influence of anthropogenic disturbance on population development is immediately apparent from a comparison of the shapes of the age structures obtained from differently-disturbed sites. The mode of the age distributions shifted from the 6-or 7-year old plants to 1-year old plants in parallel with higher frequency and intensity of disturbance. As density of the old plants was considerably higher at OF than at the mown sites (Table 1) , a density effect may be postulated as an alternative explanation of the differences in stand rejuvenation, but the small plants of OF contributed low cover (7 %) as compared to GV (38 %, Dietz and Ullmann, 1997 b) . On the other hand, intense rejuvenation within GV increased the plant density to more than three-fold that of OF in 1997. Density effects, therefore, seem to be of only secondary importance in explaining differences in age distributions.
The range of plant ages was also dependent on the combined influences of disturbance and site productivity. At highly productive sites, intermediate or high levels of disturbance were apparently necessary to maintain a broader age-structure (FS, RV, GV) because, at the high productivity sites which lay fallow after major disturbances (RW and MSS), there were only narrow age distributions. Clearly, in the latter cases, a rapid population surge after disturbance was followed by a rapid reduction in seedling establishment once the matrix vegetation had produced a tall and dense standing crop. This comparative analysis confirmed B.
orientalis as an early-successional species in secondary succesion. At the less productive sites (OF and DSS), however, where the shorter or less dense vegetation layer presumably allowed occasional seedling establishment, broader age-distributions were realized during longer periods without disturbance. Furthermore, major disturbance events might be dated from gaps or isolated peaks within the age structure. It can, therefore, be assumed that a significant proportion of the extreme peak of 1-year old plants will establish and contribute to the 1998 age distribution at RW. Hence, due to the conspicuous lack of 3-year old individuals, the year of mass regeneration from seed triggered by the ' climatic disturbance ' event will then be apparent by the isolated peak of 2-year old plants. A similar pattern will be even more pronounced in DSS, where most of the 1-year old plants were well established in 1997. On a shorter time-scale, differences in recruitment intensities were also preserved in the age structure of a Poa annua population studied by Law (1981) .
A further extension of age structure analyses to cooccurring species may allow comparative investigations of the successional roles of the species and their interaction with site conditions. This is exemplified by the inclusion of the autecologically-similar species R. crispus co-occurring with B. orientalis at RW and at DSS. Their age distributions suggest that their populations initially developed in parallel, following disturbance at both sites, provided that the low number of older R. crispus plants reflects gradual population growth as is the case for B. orientalis and not high mortality of 3-to 6-year old individuals. However, whereas at RW the cohorts of 1-and 2-year old plants were well represented in the 1996 and 1997 age structures of R. crispus, for B. orientalis, only the (atypical) cohort of the 1-year old plants was prominent in 1997. Conversely, at DSS, stand rejuvenation of R. crispus apparently declined in the last 2 to 3 years, whereas B. orientalis showed increasing rejuvenation, as far as it is possible to infer from its weaklyrepresentative age structure in 1997. Successful regeneration from seed may be impaired more by soil dryness than by vegetation density in the case of R. cripus, whereas the reverse is true for B. orientalis (Dietz, 1996) . These results, derived from age structure analysis, suggest a shift in successional role, depending on site conditions ; i.e. population growth of R. crispus may be restricted to early succession in relatively dry habitats, but may be extended to later succession in more productive habitats. Population growth of B. orientalis, on the other hand, is restricted to early succession when favourable soil conditions support denser vegetation, whereas in moderately dry habitats with higher gap frequency, stand regeneration is more likely to occur also in later stages of succession. More rigorous comparative analyses of the successional roles of cooccurring species by means of age structures are needed to confirm such trends.
For plants, the importance of age as a factor determining size is rated differently in the literature (e.g. Kershaw, 1973 ; Harper, 1977 ; Weiner, 1988 ; Watkinson, 1997) . Besides species and habitat differences, the choice of size parameter may be among the factors accounting for variations in the relationships between age and size. Thus, the two size parameters used in our study, root diameter and shoot number, must be evaluated differently. Whereas shoot number represents current above-ground performance of the plant, the diameter of permanent main roots integrates performances, i.e. growth increments of all the previous years. Differences between present and previous site conditions may have a considerable influence on the form of the relationship between plant age and current performance apart from mere differences in regression coefficients. Thus, at GV, regular mowing encouraged the growth of B. orientalis sufficiently to allow a linear increase in shoot number with plant age. This was paralleled by the annual addition of growth rings of relatively uniform width, leading to a linear increase in root diameter with age. Interpretation of the more complicated pattern of dependence of shoot number on age at FS could include consideration of previous conditions at this site. The high performance of most of the oldest individuals might have been a carry-over effect of favourable site conditions when the plants were young (e.g. subsequent to a larger disturbance which started stand development) ; these plants may therefore have attained their present size years before and retained it over the years. The younger, medium-sized plants obviously lacked such a favourable growth period and the youngest plants established under harsh site conditions which led to their very small size.
An almost complete absence of disturbance, and unfavourable soil conditions, shaped the relationship between size and age at OF. Here again, the higher performance of the older plants is probably due to a carry-over effect. The two peculiarities of this stand namely degeneration of the oldest (8-year old) individuals and the strongly-reduced size of almost all of the plants younger than 6 years, both result from the adverse site conditions in more recent years. The linearity of the increase of root diameter with age at OF does, at first sight, seem to be somewhat contradictory to the pattern obtained for shoot number. However, inspection of the sequence of year-ring widths showed that the older the plant, the wider the widths of the first growth increments in the secondary xylem, whereas the outer (younger) rings were invariably narrow and tightly packed (data not shown). This observation not only explains linearity in the relationship between root diameter and age, but also provides further evidence for the carry-over effect of plant size.
The valuable insights into the development of stand size structure allowed by age analysis can be further improved by inclusion of developmental state. In the case of B. orientalis, by using herbchronology, it became clear that the age of the plants at or above a threshold probability of flowering increased with the adversity of the site conditions (cf. Werner, 1975) , a pattern related to plant size. However, if Figs 2 and 4 are compared, the integrated size parameter, root diameter, matches the pattern more closely than shoot number. The skewness of the distribution of flowering plants within the total age distribution is a further indication of the future viability of the stand.
The use of annual ring widths to indicate the influence of microhabitat conditions in previous years, as already demonstrated in the preceding paragraph, is more clearly shown by the B. orientalis stand located in a gradient of light supply near to, and underneath, blackthorn scrub. The observation that differences between growth increment widths at the opposite ends of the gradient became more pronounced as the steepness of the gradient increased with canopy closure of the scrub, is striking, and provides clear evidence that annual ring widths may actually be sensitive records of past growth conditions. Thus, annual ring width analysis, which is common practice in ecological tree research (e.g. Schweingruber, 1996) , could facilitate the ecological interpretation of stand structure and development, particularly for longer-lived perennial herbs.
The present results are limited to two rather short-lived perennials of more transient habitats. While the approach was particularly suitable for analysis of the influence of factors associated with disturbance on the development of population age structure, further studies should also focus on longer-lived perennial herbs of late successional seres and on species occurring in metastable plant communities such as dry grassland. Using this approach it should be possible to establish a broader basis for the applicability, and the limits, of herbchronology.
